A comparative study on the performance characteristics of the flexible multirecess hydrostatic journal bearing system with constant flow valve and capillary restrictors has been presented considering the effect of micropolar parameters. The modified Reynolds equation for the flow of micropolar lubricant through the bearing has been solved using finite element method, and the resulting elastic deformation in the bearing shell has been determined iteratively. The results indicate that the micropolar parameters of the lubricant affect the performance of the flexible multirecess hydrostatic journal bearing system quite significantly.
Introduction
In hydrostatic lubrication, the lubricant is pushed between the surfaces by means of an external pressurization system. The main advantages of hydrostatic lubrication are a very low friction and negligible wear, and the only drawback is a certain complexity of lubricant supply system. At present, hydrostatic lubrication is used in the entire field of mechanical engineering, from large machines, where speed is in general low, to small high-velocity machinery. Due to the absence of stick-slips and to the high degree of stiffness and damping of the pressurized fluid film, hydrostatic lubrication is particularly suitable for machines like machine tools, where medium or high precision is required to move great weights for large boring, milling, and grinding machines and numerical control machine tools, which require very accurate positioning and freedom from vibration, and telescopes and big radar antennas, which must move slowly and accurately.
In multirecess hydrostatic lubrication, the supply system must allow the different pressures to occur in the recesses. In practice, this may be accomplished either by using a separate pump to feed each recess directly, this is commonly referred to as the constant flow supply system, or by using a common source of pressurized lubricant, which is carried to each recess through compensating devices called restrictors; since the pressure is generally held constant, upstream from the restrictors (compensating devices), this is commonly referred to as the constant pressure supply systems [1] . The commonly used restrictor includes constant flow valve, capillary, orifice, and diaphragm or membrane.
It has been realized that the hydrostatic journal bearing system undergoes elastic deformation when operating under heavy loads. The bearing deformations are generally of the order of the magnitude of fluid-film thickness, and thus, the fluid-film profile is modified, and the performance of a bearing system is changed. Therefore, the studies carried out with rigid bush assumptions may not be appropriate for an accurate prediction of the performance of the bearing system.
For the Newtonian lubricant, Sinhasan et al. analytically studied the effect of bearing shell elasticity in hydrostatic journal bearing using capillary [2] , constant flow valve [3] , and orifice flow restrictors [4] . They presented that with the Newtonian lubricant for heavily loaded journal bearings, the deformation due to elasticity of bearing shell is comparable in magnitude with fluid-film thickness. This deformation alters the lubricant-film profile and consequently the behaviour of a journal bearing system. They concluded that the static and dynamic characteristics of bearing for a given load decrease 2 ISRN Tribology as bearing flexibility increases. Their study suggested that to establish an optimum design of compensated hydrostatic journal bearing to support a particular external load, a judicious selection of restrictor design parameter, bearing shell deformation coefficient and bearing geometry, is essential. In their extended work, Sharma et al. [5] have studied the performance characteristics of flexible hydrostatic/hybrid multirecess journal bearing system operating with Newtonian lubricant and using membrane type variable flow restrictor as a compensating element. It has been concluded that a careful selection of flexibility of bearing shell is required to obtain the improved stability margin of the hydrostatic journal bearing system.
Sharma et al. [6] compared the performance characteristics of slot-entry journal bearings with that of similar holeentry-compensated journal bearings using capillary, orifice, and constant flow valve restrictors for the same bearing geometric and operating parameters. The comparative study indicates that asymmetric slot-entry journal bearings provide an improved stability threshold speed margin compared with asymmetric hole-entry journal bearings compensated by capillary, orifice, and constant flow valve restrictors.
Furthermore, while designing the hydrostatic journal bearing, generally the assumption is that the lubricant behaves as a Newtonian fluid. Nowadays, most of the modern lubricants in practice use polymeric additives to enhance their performance. The behavior of polymer-added lubricant is no longer Newtonian. In view of the inadequacies of the classical Newtonian theory, lubrication theory for micropolar fluids is applied to solve the lubrication problems of such fluids. Micropolar fluids are fluids with microstructure. They represent fluids consisting of rigid, randomly oriented particles suspended in a viscous medium, where the deformation of fluid particles is ignored.
The steady-state analysis using micropolar lubricants for infinitely long journal bearing studied by Prakash and Sinha [7] revealed that such fluids increase the effective viscosity, especially in thin films, which supported the experimental evidence also. The squeeze-film flow effects in micropolar lubrication were also studied by Prakash and Sinha [8] for the journal bearings under a cyclic sinusoidal load with no journal rotation. Later on, Singh et al. [9] presented the threedimensional Reynolds equation using micropolar lubrication theory.
Khonsari and Brewe [10] observed the improvements in the performance of the finite journal bearings and attributed it to the characteristic length and coupling number of micropolar fluids. Further, Das et al. [11] have presented the dynamic characteristics of hydrodynamic journal bearings lubricated with micropolar fluids. They obtained the dynamic characteristics in terms of the components of stiffness and damping coefficients and critical mass parameter and whirl with respect to the micropolar property for varying eccentricity ratios. They concluded that the micropolar fluid exhibits better stability in comparison with the Newtonian fluid. In their extended work, Das et al. [12] presented the performance of misaligned hydrodynamic journal bearings lubricated with micropolar fluids. Wang and Zhu [13] have studied the lubricating effectiveness of micropolar fluids in a dynamically loaded hydrodynamic journal bearing. A numerical study of the non-Newtonian behavior for a finite journal bearing lubricated with micropolar fluids has been undertaken by Wang and Zhu [14] considering both thermal and cavitation effects. They derived the modified Reynolds equation and energy equation based on Eringen's micropolar fluid theory and investigated the effects of the size of material characteristic length and the coupling number on the thermohydrodynamic performance of a journal bearing.
The micropolar theory of lubrication applied to hydrodynamic bearings has been categorically reviewed by the authors in [15] . In this, the influence of micropolar parameters, that is, characteristics length and the coupling number, on the performance of a four-pocket hydrostatic journal bearing compensated through a constant flow valve has been presented. But in that analysis, the bearing shell flexibility has not been taken into account. A study of hole-entry hybrid journal bearing system capillary compensated and operating with micropolar lubricant is presented in [16] , and it has been concluded that there exists an optimum value of restrictor design parameter corresponding to micropolar lubricant at which the stiffness coefficient and stability parameters are maximum.
Nicodemus and Sharma [17] studied the influence of wear on the performance of capillary-compensated fourpocket hydrostatic journal bearing operating with micropolar lubricant for two different loading arrangements. Further, Nicodemus and Sharma [18] presented the analytical study of four-pocket-orifice-compensated hydrostatic/hybrid journal bearing system of various geometric shapes of recess operating with micropolar lubricant. They concluded that the influence of micropolar effect of the lubricant on bearing performance is predominantly affected by the geometric shape of recess and restrictor design parameter. Recently, Verma et al. [19] have theoretically studied the performance of capillary-compensated multirecessed hydrostatic journal bearings operating with micropolar lubricant, and performance has been compared with the Newtonian lubricant. Garg et al. [20] investigated the effect of viscosity variation due to temperature rise and the non-Newtonian behavior of the lubricant on the performance of hole-entry and slot-entry hybrid journal bearings system and indicated that bearing performance, can be improved by selecting a particular bearing configuration in conjunction with a suitable compensating device. Recently, Khatak and Garg [21] presented a critically analysed review article on the influence of micropolar lubricant on the bearings performance and Nicodemus and Sharma [22] analytically studied the effect of wear on the performance of a membrane-compensated hybrid journal bearing system under micropolar lubrication. Verma et al. [23] presented the analytical study of the effect of the bearing shell flexibility on the performance of constant-flowvalve-compensated multirecess hydrostatic journal bearing system operating with micropolar lubricant. Very recently, Sharma and Rajput [24] presented the theoretical study which describes the effect of geometric imperfections of journal on the performance of micropolar-lubricated four-pocket hybrid journal bearing. To the best knowledge of the authors so far, no comparative study is yet available in the literature that considers the influence of micropolar parameters and bearing shell flexibility on the performance of constant flow valve and the capillary-compensated hydrostatic journal bearings. The present work deals with this comparison study, wherein the simultaneous solution of the modified Reynolds equation for micropolar lubricant and elasticity equations has been obtained to compare the performance of fourpocket flexible hydrostatic journal bearing compensated with constant flow valve and capillary restrictor. Figure 1 shows geometric configuration of a compensated four-pocket hydrostatic journal bearing.
Analysis

The Modified Reynolds Equation for Micropolar Lubricant.
The flow of micropolar lubricant in the convergent area of the journal bearing is governed by the modified Reynolds equation. With the usual assumptions of the lubrication film, the modified Reynolds equation is given as [9] {
where
Here is the viscosity coefficient of the Newtonian fluid, is the spin viscosity, is the material coefficient, ℎ is the film thickness, and is the micropolar fluid-film pressure. and are two parameters distinguishing a micropolar lubricant from Newtonian lubricant.
is a dimensionless parameter called the coupling number which couples the linear and angular momentum equations arising from the microrotational effects of the suspended particles in the lubricant. represents the interaction between the micropolar lubricant and the film gap and is termed as the characteristic length of the micropolar lubricant.
Equation (1) in its nondimensional form can be given as
where Φ = 1 + 12
Using the finite element method based on Galerkin's technique and (3), the system equation for the discretized flow field is derived, and in matrix form it is given as
A dot over terms represents first derivative of the respective terms with respect to time. In the Expanded form the equation (5) is
Each term of respective matrix/vector is computed using the following expressions:
where 1 and 2 are directions cosines, , = 1, 2, . . . , (number of nodes per element) are local node numbers, and and Γ are solution domains.
Fluid-Film Thickness.
The journal bearing is required to maintain an appropriate minimum fluid-film thickness to minimize the chances of metal to metal contact under the operating load. For a rigid journal bearing system, the fluidfilm thickness expression is given as where Δℎ is the perturbation due to dynamic condition on the fluid-film thickness and ℎ is the fluid-film thickness when the journal center is at the static equilibrium position and is given as
Now, for a flexible bearing, the fluid-film thickness gets modified due to elastic deformation, and the modified film thickness is given as
where represents nondimensional radial elastic deformation due to the fluid-film pressure.
Restrictor Flow Equation.
For a compensated journal bearing system, the continuity of flow between restrictor and bearing is required to be maintained. The flow through the restrictor is therefore taken as a constraint in the solution domain. The constant flow valve restrictor should be able to supply a fixed quantity of lubricant through it; hence, the flow of lubricant through it is expressed as
Here, and represent the restrictor flow and pocket flow, respectively.
In a capillary-compensated hydrostatic journal bearing system, continuity of lubricant flow rate between the restrictor and the bearing is maintained. The lubricant flow rate through capillary restrictor neglecting gravitational force in nondimensional form is given as [2] = 2 (1 − ) .
(11)
Fluid-Film Stiffness and Damping
Coefficients. The fluidfilm stiffness coefficients are defined as
where " " represents the direction of force; is the direction of journal center displacement ( = ( , Z )).
Stiffness coefficient in matrix form will be
For the computation of stiffness coefficients ( ( , = , )) of a journal bearing system, the nodal pressure derivatives at steady-state conditions are to be calculated by differentiating the system equation (5) with respect to journal displacement ( , ). The element of the RHS matrices in the differentiation of the system equation (5) is computed, and the values of pressure derivatives ( 0 / , 0 / ) can be obtained. Using the values of pressure derivatives, the components of the RHS matrix of (13) can be computed.
The fluid-film damping coefficients are defined as
wherėrepresents the velocity component of journal center
Damping coefficients in matrix form are
] .
For the computation of damping coefficients ( ( , = ,Ż )), the nodal pressure derivatives ( 0 /̇, 0 /̇) are required. These may be obtained by differentiating the global system equation (5) with respect to (̇=̇,̇).
Stability Parameters.
For a very small disturbance from the equilibrium position, the hydrodynamic forces in the journal can be regarded as linear functions of the displacements and the velocity vectors. The equation of the disturbed motion of the journal can be written by equating the inertia force to the stiffness and the damping forces. The linearized equation of motion of the journal in the nondimensional form is given by
Using Routh's criteria, the stability margin of the journal bearing system, in terms of critical mass , is obtained. The system is stable when < . The nondimensional critical mass of the journal is expressed as
Threshold speed, that is, the speed of journal at the threshold of instability, can be obtained using the relation given as
where is the resultant fluid-film force or reaction ( ℎ/ = 0).
Elastic Continuum.
In general, bearing shell or bush is considered to be cylindrical structure of finite length enclosed in a rigid housing. Using the linear elasticity equation, virtual work principle, and finite element formulation, the system equation governing deformation in an elastic continuum is derived. At a point in elastic continuum, the displacements in the circumferential ( ), axial ( ), and radial ( ) directions are defined. The radial component at fluid film and shell interference is needed for the computation of fluid-film thickness. Generally, in practical conditions, the rigidity of the journal is more as compared to that of shell, and hence, deformation in the journal due to fluid-film pressure has been neglected in the present study. By using the nondimensional scheme given as
the discretized elastic continuum system equation is as follows [16] :
where [ ] = system stiffness matrix, { } = system nodal displacement vector, { Γ } = system traction force vector, and = elastic deformation coefficient (= ( ℎ )/( )).
Boundary Conditions
The relevant boundary conditions are as follow.
(1) Nodes situated on the external boundary of the bearing have zero pressure | =± = 0.0.
(2) All the nodes situated on a pocket have equal pressure.
(3) Flow of lubricant through the restrictor ( ) is equal to the bearing input flow.
(4) At the trailing edge of the positive region = ( / ) = 0.
(5) The displacement of the nodes on shell-housing interface is zero ( = 0).
The global system equations from the governing Equations (5), (8), (10a), (11) , and (20) are obtained by employing Galerkin's orthogonality criterion and then solved after applying appropriate boundary conditions. The entire lubricant flow field is discretized using four-noded quadrilateral isoparametric elements. The two-dimensional grid is used for the solution of the modified Reynolds equation along the two directions (i.e., circumferential and axial). The displacement field is discretized using 8-noded isoparametric hexahedral elements.
Solution Scheme
The modified Reynolds equation governing the flow of micropolar lubricant in the clearance space of a four-pocket hydrostatic journal bearing system has been solved by using finite element method together with required boundary conditions. The solution of a constant flow valve or capillarycompensated hydrostatic journal bearing system problem needs iterative solution scheme for solving (5) . Under steadystate condition (̇,̇= 0) assuming the rigid bearing shell ( = 0), the lubricant flow field system equation (5) is solved for a specified journal center position ( , ) after adjustment for flow through constant flow valve restrictor equations (10a) and (11) and modified for the boundary conditions. But if the solution is to be obtained for a specified vertical load, one additional iterative loop is needed to establish the equilibrium journal center position using the following equations:
Under a given bearing geometric parameters and for a given external vertical load, journal center position ( , ) 6 ISRN Tribology is unique. For a given external load, tentative values of the journal center coordinates are fed as input. The corrections (Δ , Δ ) on the assumed journal center coordinates ( , ) are computed using the following algorithm.
The fluid-film reaction components , are expressed by Taylor's series about th journal center position. Assuming that the alteration in the journal center position is quite small and retaining terms only up to first order in Taylor's series expansion, the corrections (Δ , Δ ) on the coordinates are obtained as
The new journal center position coordinates [ | +1 , | +1 ] are expressed as
Iterations are continued until the following convergence criterion is satisfied:
Once the journal centre equilibrium position is established, the nodal displacements ( ) in the elastic domain (bearing shell) are computed using the pressure developed in the fluid film, the system equation (20) , and the boundary conditions. The fluid-film thickness (ℎ) is modified using (9) and the radial displacement component ( ) of the nodes on the fluid-film-elastic domain interface. Using the modified film thickness, the flow field system equation (5) is again solved for the steady-state case, and new nodal pressures and flows are obtained. Using these nodal pressures, nodal displacements ( ) in the elastic domain are again computed using the system equation (20) . Iterations are continued till the differences in the nodal pressures of successive iterations do not come within the specified tolerance limit of 0.1%. The flow chart of the iteration scheme is shown in Figure 2 . After 
Results and Discussion
The validity of the computer program developed is established by computing the load at different eccentricity ratios for rigid hydrodynamic bearing operating with the Newtonian and micropolar lubricants. The results obtained from the present work have been compared with the available theoretical results of Wang and Zhu [14] and found to be quite close as shown in Figure 3 The comparison between the performance characteristics of the multirecessed hydrostatic/hybrid journal bearings compensated with constant flow valve (CFV) and capillary restrictors has been presented in this section. The numerically computed results for the bearing compensated with CFV or capillary restrictors are compared having operating and geometric parameters as given in Table 1 .
For the purpose of comparison of bearing performance with constant flow valve and capillary restrictors, a concentric pressure ratio ( * ) of 0.5 is taken as a common parameter among these restrictors. It is to be noted that this value of * corresponds to = 0.935 for the CFV and the restrictor design parameter 2 = 0.4675 for the capillary restrictor, respectively, in the present cases. The performance characteristics are plotted in terms of bar charts as shown in for the Newtonian and micropolar lubricants with micropolar parameters as 2 = 10, 20 and = 0.5, 0.9.
Comparison of Performance Characteristics in Hydrostatic
Mode. In this section, the comparison between the performance characteristics of the multirecessed hydrostatic/hybrid journal bearings compensated with constant flow valve (CFV) and capillary restrictors has been presented at speed parameter Ω = 0.0. It can be observed from Figure 4 that the value of max for rigid journal bearing configuration is found more than the corresponding flexible bearing. In general, it is noted that the bearing compensated with CFV gives the maximum value of max for all the values of the micropolar parameters ( 2 = ∞, 20, 10; = 0.0, 0.5, 0.9) of the lubricant. The value of max is seen to follow a definite pattern for rigid as well as the flexible bearing as given by in Figure 5 . It is observed from Figure 5 (27) Figure 6 shows the variation of bearing flow requirement of the four-pocket journal bearings studied. It is clear from the figure that flow requirement of flexible bearing is found to be more as compared to rigid bearing for capillary restrictor for all the values of micropolar parameters. The following trends are observed: case of rigid bearing than that of the values of provided by corresponding flexible bearing irrespective of the type of compensating element used. It is further observed that for the same geometric and operating parameters, the value of is the largest for the constant-flow-valve-compensated bearings compared to the capillary-compensated bearings. For , the following pattern is observed:
for both the Newtonian and micropolar lubricants. It can be observed from Figure 9 that the constantflow-valve-compensated rigid bearing provides the largest value of direct damping coefficient as compared to the capillary-compensated bearings, when the bearing is operating with the Newtonian or micropolar lubricant. The following pattern is observed for all the values of micropolar parameters ( 2 , ) of the lubricant:
The values of direct damping coefficient in the direction of load ( ) show similar behavior as observed for the case of as shown in Figure 10 and is given as
for both the Newtonian and micropolar lubricants.
Comparison of Performance Characteristics in Hybrid
Mode (Ω = 0.5). In this section, the comparison between the performance characteristics of the multirecessed hydrostatic/hybrid journal bearings compensated with constant flow valve (CFV) and capillary restrictors has been presented at speed parameter Ω = 0.5. It can be observed from Table 2 that the rigid bearing compensated with CFV gives more value of max for all the values of the micropolar parameters of the lubricant as compared to the capillary in hybrid mode of operation. The value of max is seen to follow a definite pattern for hybrid mode of operation as given by for the micropolar lubricant and flexible bearing. It is observed from Table 2 that for rigid as well as the flexible hybrid bearing, the constant-flow-valve-compensated bearing shows maximum values of minimum fluid-film thickness (ℎ min ), while the capillary-compensated bearing shows the lower value of ℎ min for both the Newtonian and micropolar lubricants. The following general trend is observed for all the values of micropolar parameters of the lubricant:
The flow requirement of flexible bearing is found to be more as compared to rigid bearing for capillary restrictor for all the values of micropolar parameters. The following trends are observed:
for the Newtonian lubricants
for the micropolar lubricants.
For both CFV as well as capillary restrictors, the value of attitude angle ( ) is observed to increase with increase in bearing flexibility. For CFV-compensated rigid bearing, the value of decreases with increase in micropolar effect of lubricant as compared to the Newtonian lubricant, while, the opposite is true for capillary restrictor. The following trend is observed for all the values of micropolar parameters of the lubricant:
From Table 3 , it may be noted that the value of direct fluid-film stiffness coefficient is larger for constant-flowvalve-compensated rigid as well as flexible bearings for all the values of the micropolar parameters of the lubricant. In general, the value of is seen to follow a definite pattern given as
for both the Newtonian and micropolar lubricants. It is noticed that the values of cross-coupled coefficients ( , − ) are more for rigid bearing ( = 0.0) as compared with flexible bearing ( = 0.5). For rigid and flexible bearings, constant-flow-valve-compensated bearing shows the largest value of for the Newtonian and micropolar lubricants. The following trend is observed for all the values of the micropolar parameters of the lubricant:
The similar trend has been observed for cross-coupled coefficient (− ) except that the values of cross-coupled coefficient are negative. It may be observed from Table 3 that the values of direct stiffness coefficient in vertical direction ( ) are more in the case of rigid bearing than that of the values of provided by corresponding flexible bearing irrespective of the type of compensating element used. It is further observed that for the same geometric and operating parameters, the value of is the largest for constant-flow-valve-compensated bearings compared to the capillary-compensated bearings. For , the following pattern is observed:
for both the Newtonian and micropolar lubricants. It can be observed again from Table 3 that constant-flowvalve-compensated rigid bearing provides the largest value of direct damping coefficient as compared to capillarycompensated bearings, when the bearing is operating with the Newtonian or micropolar lubricant. The following pattern is observed for all the values of micropolar parameters ( 2 , ) of the lubricant: The values of direct damping coefficient in the direction of load ( ) show similar behavior as observed for the case of and are given as
for the both Newtonian and micropolar lubricants.
The values of the cross-coupled coefficient ( ≈ ) in Table 3 indicate that these coefficients are smaller for capillary-compensated bearing as compared to the CFV for all the values of the micropolar parameters of the lubricant. For cross-coupled damping coefficients, the following patterns are obtained for rigid and flexible bearings:
for both the micropolar and Newtonian lubricants. The bearing stability margin in terms of critical mass ( ) and threshold speed ( th ) computed for four-pocketcompensated bearings is presented in Figures 11 and 12 for different values of the micropolar parameters. The comparative study of the bearing shows that for all the values of micropolar parameters ( 2 , ) of the lubricant, the constantflow-valve-compensated bearing provides the largest value of stability margin for both rigid as well as flexible bearings. It is clear from Figures 11 and 12 that the stability margin of compensated bearing of flexible bearing increases with increase in the micropolar effect of the lubricant. The following trend is observed for the entire stability margin of the bearing for both the Newtonian and micropolar lubricants: (47)
Conclusion
The comparison between the performance characteristics of the multirecessed hydrostatic/hybrid journal bearings compensated with constant flow valve and capillary restrictors, taking bearing flexibility and micropolar parameters of the lubricant into consideration, has been presented in this paper. This would help the designer to select a suitable compensating device for a bearing in conjunction with bearing flexibility to obtain the improved performance with micropolar lubricant. In general, it has been found that at various values of the micropolar parameters of the lubricant, a constant-flowvalve-compensated multirecessed hydrostatic journal bearing gives superior performance as compared to the capillary, from the point of view of minimum fluid-film thickness and stability parameters. 
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